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(54) Lithium ion secondary battery with Li ion conductive inorganic solid electrolyte and a 
method for manufacturing the same 



(57) A lithium ion secondary battery includes a pos- 
itive electrode, a negative electrode and a thin film solid 
electrolyte including lithium ion conductive inorganic 
substance. The thin film solid electrolyte has thickness 
of 20jim or below and is formed directly on an electrode 
material or materials for the positive electrode and/or 
the negative electrode. The thin film solid electrolyte has 
lithium ion conductivity of 10" 5 Scm- 1 or over and con- 
tains lithium ion conductive inorganic substance powder 
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in an amount of 40 weight % or over in a polymer medi- 
um. The average grain diameter of the inorganic sub- 
stance powder is 0.5fim or below. According to a method 
for manufacturing the lithium ion secondary battery, the 
thin film solid electrolyte is formed by coating the lithium 
ion conductive inorganic substance directly on the elec- 
trode material or materials for the positive electrode and/ 
or the negative electrode. 
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Description 

[0001] This invention relates to a lithium ion secondary battery employing a thin film solid electrolyte and a method 
for manufacturing the same. 

5 [0002] In the past, a non-aqueous electrolytic solution was generally used as an electrolytic solution for a lithium ion 
secondary battery. A lithium ion secondary battery employing a polymer electrolyte made of polymer as disclosed by 
Japanese Patent Application Laid-open Publication No. 2000-067917 has recently attracted more attention of the in- 
dustry than such electrolytic solution employing liquid. 

[0003] The lithium ion secondary battery employing a polymer electrolyte holds a liquid electrolytic solution in the 
10 polymer electrolyte and, therefore, has the advantage that there is little possibility of leakage of the liquid, that there 
is little possibility of corrosion, that short-circuiting between electrodes caused by precipitation of lithium in the form of 
dendrite can be prevented and that assembly of the battery is easy because the structure of the battery is very simple. 
[0004] Since lithium ion conductivity of such polymer electrolyte is lower than an electrolyte containing only an elec- 
trolytic solution, there has occurred a practice to reduce thickness of the polymer electrolyte. There, however, has 
15 arisen a problem in such polymer electrolyte whose thickness is reduced that, since its mechanical strength is reduced, 
the polymer electrolyte tends to be broken or give rise to a hole during production of the battery resulting in short- 
circuiting between the positive electrode and the negative electrode. The gel polymer electrolyte is reported to have 
thickness in the order of 30 u, m to 80 u.m. 

[0005] For improving the mechanical strength, there is a proposal in Japanese Patent Application Laid-open Publi- 
20 cation No. 2001 -01 51 64 for a compound electrolyte containing lithium ion conductive glass-ceramic powder. This pro- 
posal however has not realized a thin film electrolyte having thickness of 20 u.m or below. 

[0006] There are also many proposals, e.g., in Japanese Patent Application Laid-open Publication No. Hei 
07-326373, for a solid electrolyte battery which does not employ an electrolytic solution at all. Since a lithium ion 
secondary battery employing a solid electrolyte does not require an organic electrolytic solution as in the prior art 

25 batteries, there is no risk of leakage of solution and combustion and, therefore, a highly safe battery can be provided. 
In the prior art battery employing an organic electrolytic solution, the positive electrode and the negative electrode 
contact each other by means of the organic electrolytic solution through the solid electrolyte and, therefore, resistance 
in moving of ions in the interface does not cause a serious problem. If, however, all of the positive electrode, negative 
electrode and electrolyte composing the battery are made of solid, contact in the interface between the positive elec- 

30 trode and the electrolyte and contact in the interface between the negative electrode and the electrolyte become con- 
tacts between solids which include point contacts in some parts of the interfaces and thereby produce a large interface 
resistance as compared with the prior art batteries employing the electrolytic solution. Hence, the solid electrolyte 
battery has a large impedance in the interfaces which tends to cause polarization and thereby restrict moving of lithium 
ion in the interfaces with the result that it is difficult to realize a battery having a large capacity and a large output by 

35 such solid electrolyte battery. 

[0007] It is, therefore, an object of the present invention to provide a lithium ion secondary battery which has solved 
the above problems and has a thin electrolyte and thereby has small resistance notwithstanding that a solid electrolyte 
is employed and, therefore, has a high battery capacity and a high output and an excellent charging- discharging 
characteristic and thereby ensures a stabilized use over a long period of time. 

40 [0008] As a result of detailed studies and experiments, the inventor of the present invention has found, which has 
led to the present invention, that an inorganic substance having a certain crystal has a high lithium ion conductivity 
and its lithium ion transport number is 1 and that, by employing this substance as a solid electrolyte in the form of a 
thin film in a lithium ion secondary battery, a battery of a high performance can be realized. 

[0009] A lithium ion secondary battery according to the invention comprises a positive electrode, a negative electrode 
45 and a solid electrolyte, said solid electrolyte being made in the form of a thin film comprising a lithium ion conductive 
inorganic substance. 

[0010] The thin film solid electrolyte should preferably comprise an inorganic substance of a high lithium ion con- 
ductivity and, more preferably, a lithium ion conductive crystal, glass or glass-ceramics. In the thin film solid electrolyte 
used in the lithium ion secondary battery of the invention, the thinner the thin film solid electrolyte, the shorter is moving 
so distance of lithium ion and, therefore, the higher is the output of the battery. In the lithium ion secondary battery, there- 
fore, the thin film solid electrolyte should preferably have thickness of 20 urn or below and, more preferably, 10 ^im or 
below and, most preferably, 5 \im or below. 

[0011] Mobility of lithium ion during charging and discharging in the lithium ion secondary battery of the present 
invention depends upon lithium ion conductivity and lithium ion transport number of the solid electrolyte. Accordingly, 
55 in the lithium ion secondary battery- of the invention, the thin film solid electrolyte should preferably have lithium ion 
conductivity of 10- 5 Scm" 1 or over. 
[0012] In the accompanying drawings, 
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FIG. 1 is a schematic sectional view showing an internal structure of the lithium ion secondary battery of the present 
invention; 

FIG. 2 is a graph showing change in the discharging capacity accompanying the charging-discharging cycles of 
5 the lithium ion secondary battery s of Example 1 and Comparative Example 1; and 

FIG. 3 is a graph showing change in the discharging capacity accompanying the charging-discharging cycles of 
the lithium ion secondary batteries of Example 4 and Comparative Example 4 

10 [0013] In a preferred embodiment of the invention, the thin film solid electrolyte should preferably comprise the in- 
organic substance in an amount of 40 weight % or over. The inorganic substance should preferably be an ion conductive 
crystal, glass or glass-ceramic. The inorganic substance should preferably be powder of the inorganic substance. The 
inorganic substance powder in the thin film solid electrolyte should preferably have an average particle diameter of 1 .0 
urn or below, more preferably 0.5 u,m or below and, most preferably, 0.3 u.m or below. 

15 [0014] In the lithium ion secondary battery of the invention, the thin film solid electrolyte may comprise a lithium ion 
conductive inorganic substance powder in a polymer medium. The thin film solid electrolyte should preferably comprise 
a lithium inorganic salt and lithium ion conductive glass-ceramic powder 

[0015] In the lithium ion secondary battery of the invention, the thin film solid electrolyte may be formed by direct 
coating on an electrode material or materials for the positive electrode and/or the negative electrode. 
20 [0016] The method for manufacturing a lithium ion secondary battery having a thin film solid electrolyte comprising 
a lithium ion conductive inorganic substance according to the invention comprises a step of forming the thin film solid 
electrolyte by coating the lithium ion conductive inorganic substance directly on an electrode material or materials for 
the positive and/or negative electrode. 

[0017] As described above, the thinner the solid electrolyte, the less is resistance and the shorter is moving distance 
25 of ion and, therefore, the higher is the output of the battery. However, in a case where the solid electrolyte is produced 
independently and separately from the other components of the battery, there is limitation in making the solid electrolyte 
thin for reasons of strength and handling as well as the manufacturing process. According to the method for manufac- 
turing a lithium ion secondary battery of the invention, the solid electrolyte is formed directly on an electrode material 
or materials for the positive electrode and/or the negative electrode and, therefore, there is no problem caused by 
30 handling an independent solid electrolyte and hence the solid electrolyte can be made even thinner. " 

[0018] The thin film solid electrolyte may be formed by preparing slurry comprising lithium ion conductive crystal, 
glass or glass-ceramic as the inorganic substance, and coating the slurry directly on the electrode material or materials 
for the positive and/or negative electrode. 

[0019] For coating the slurry directly on the electrode material or materials for the positive electrode and/or the 
35 negative electrode, dipping, spin coating or tape casting may be employed or printing technique such as ink jetting or 
screen printing may be employed. As the slurry, lithium ion conductive powder of an inorganic substance may be 
dispersed with a binder in a medium. Preferable inorganic substances are a crystal, glass and glass-ceramic. The thin 
film solid electrolyte should preferably comprise an inorganic substance in an amount of 40 weight % or over. 
[0020] The lithium ion conductive powder used in the present invention should preferably have a high lithium ion 
40 conductivity and, more preferably, a chemically stable glass-ceramic. A specific example of the powder of the chemically 
stable glass-ceramic is powder of glass-ceramic which is produced by heat-treating a Li 2 0-AI 2 0 3 -Ti0 2 -Si0 2 -P20 5 
mother glass for crystallization and contains Li 1+x+y Al x Ti 2 . x Si y P3. y O l2 (OSx^C'OSySl) as a predominant crystal 
phase. 

[0021] For binding particles of crystal, glass or glass-ceramic powder to one another and also binding these particles 
45 to the electrodes which constitute substrates, an organic polymer material may be employed as the binder. Specifically, 
a polymer material such as polyethylene oxide, polyethylene, polypropyrene, polyolef in, fluorine resin such as poly- 
tetrafluoroethylene, polychlorotrifluoroethylene and polyvinylydene fluoride, polyamides, polyesters and polyacrylates, 
or a polymer material comprising such polymer as a constituent element may be used. A binder having lithium ion 
conductivity or a polymer imparted with lithium ion conductivity by adding lithium salt or the like material is more pref- 
50 erably because such binder improves ion conductivity of the compound electrolyte. As the medium, an organic medium 
in which the above described polymer material is dissolved or dispersed may be used. 

[0022] In the lithium ion secondary battery of the invention, the thin film solid electrolyte may also be formed by 
coating a lithium ion conductive inorganic substance directly on an electrode material. For the direct coating known 
methods for making a thin film such as sputtering, laser abrasion and plasma spraying may be used. In this case, a 
55 lithium ion conductive crystal or glass or a compound material including such lithium ion conductive crystal or glass 
may be used as a target for forming a thin film directly on an electrode material. 

[0023] As a target material, the above described chemically stable and highly lithium ion conductive glass-ceramic 
may preferably be employed. In making a thin film, this glass-ceramic sometimes becomes amorphous but, in this 
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case, there will be no problem if the above described predominant crystal phase is caused to precipitate by crystallizing 
the amorphous glass by heat-treating. Similarly, the mother glass from which this glass-ceramic is obtained may be 
employed as the target. In this case also, the above described predominant crystal phase can be produced by the 
crystallizing process after the film has been formed. A target made of a compound material can be obtained by mixing 

5 an inorganic binder to powder of a lithium ion conductive crystal, glass or glass-ceramic and sintering the mixture. The 
glass-ceramic powder should preferably have lithium ion conductivity and, more preferably, should contain 
Lii+x+y Al x Ti 2-x s 'y p 3-y°i2 as a predominant crystal phase. This glass-ceramic powder should preferably have an aver- 
age particle diameter of 5 u.m or below and, more preferably, 3 |i m or below. The inorganic binder used should preferably 
be a crystal or glass which is an inorganic oxide having a low meiting point. The amount of this inorganic binder should 

10 preferably be 20 weight % or below. 

[0024] In the lithium ion secondary battery using the thin film solid electrolyte of the invention, the positive electrode 
may be made by forming a material containing a transition metal oxide as a positive electrode active material on an 
aluminum foil used as a positive electrode collector. As the positive electrode active material, a transition metal com- 
pound capable of absorbing and storing and discharging lithium may be used. For example, an oxide or oxides con- 

15 taining at least one transition metal selected from manganese, cobalt, iron, nickel, vanadium, niobium, molybdenum, 
titanium etc. may be used. In a case where a material which does not contain lithium is used as a negative electrode 
active material, a transition metal oxide containing lithium may preferably be used. 

[0025] In the lithium ion secondary battery using the thin film solid electrolyte of the invention, the lithium ion con- 
ductive inorganic substance may preferably be used not only for the thin film solid electrolyte but also in the positive 
20 electrode as an ion conductive additive. As the lithium ion conductive inorganic substance used for the positive elec- 
trode, glass-ceramic powder containing Li 1+x+y Al x Ti 2 _ x Si y P3. y 0 12 as a predominant crystal phase as is used in the thin 
film solid electrolyte may preferably be used. This glass-ceramic powder should preferably have an average particle 
diameter of 5 u.m or below and, more preferably, 3 jim or below. 

[0026] In the lithium ion secondary battery using the thin film solid electrolyte of the invention, an electric conductive 
25 additive and/or a binder may preferably be used in the positive electrode. As the electric conductive additive, acetylene 
black may preferably be used and, as the binder, polyvinyl id ene fluoride PVdF may be preferably be used. 
[0027] In the l ithium ion secondary battery of the invention, the negative electrode may be made by forming a material 
containing a negative electrode active material on a copper foil used as a negative electrode collector. As the negative 
electrode active material, a metal or alloy capable of absorbing and storing and discharging lithium such as metal 
30 lithium, lithium-aluminum alloy and lithium-indium alloy, transition metal oxides such as titanium and vanadium, and 
carbon materials such as graphite, active carbon and mesophase pitch carbon fiber may be used. 
[0028] In the lithium ion secondary battery of the invention, the lithium ion conductive inorganic substance may pref- 
erably be used not only for the thin film solid electrolyte but also in the negative electrode as an ion conductive additive. 
As the lithium ion conductive inorganic substance used for the negative electrode, glass-ceramic powder containing 
35 Lj 1+x+y Al x Ti2. x SiyP3_ y 0 1 2 as a predominant crystal phase as is used in the thin film solid electrolyte may preferably be 
used. The negative electrode may be produced by mixing a negative electrode active material with an ion conductive 
additive and a binder in acetone solvent and coating the mixture on the negative electrode collector. As the negative 
electrode active material, commercially available graphite powder may be used. 

[0029] In the following description, the thin film solid electrolyte and the lithium ion secondary battery using it will be 
40 described with reference to specific examples and advantages of the lithium ion secondary battery having the thin film 
solid electrolyte of the invention will be described with reference to comparative examples. It should be noted that the 
present invention is not limited by the following examples but various modifications can be made within the scope and 
spirit of the invention. 

45 Example 1 

Preparation of the positive electrode 

[0030] As the positive electrode active material, commercially available lithium cobalt oxide (LiCo0 2 ) was used. This 
so positive electrode active material, acetylene black used as an electric conductive additive, glass-ceramic powder con- 
taining Li 1+x+y Al x Ti2. x Si y P3. y 0 1 2 as a predominant crystal phase used as an ion conductive additive and polyvinylidene 
fluoride PVdF used as a binder were mixed together in acetone solvent and this mixture was coated on a positive 
electrode collector made of an aluminum sheet having thickness of 10 |im to thickness of about 50 |xm and was dried 
under temperature of 100°C to prepare a positive electrode in the form of a sheet. As the glass-ceramic powder, glass- 
es ceramic powder having an average particle diameter of 1 .0 u.m (average in volume) and a maximum particle diameter 
of 8 u.m was used. The particle diameter was measured using a laser diffraction/dispersion particle distribution meas- 
uring device. 
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Comparative Example 2 

[0037] The same battery as the battery of Example 2 was produced except that glass-ceramic powder was not used 
for the thin film solid electrolyte. The charging-discharging cycle test was conducted under the same condition as in 
5 Example 2. Comparison between Example 2 and Comparative Example 2 of the initial discharging capacity of charging 
and d ischarging densities of 0. 1 mA/cm 2 and 1 mA/cm 2 and the discharging capacity after 20 cycles are shown in Table 1 . 



Table 1 





Example 2 


Comparative Example 2 




O.lmAcm 2 


1 m Acm 2 


O.lmAcm 2 


1m Acm 2 


Initial discharging capacity (mAh) 


39.2 


38.8 


35.0 


32.2 


Discharging capacity after 20 cycles (mAh) 


36.3 


35.1 


31.2 


26.5 



[0038] As will be understood from Table 1 , in the battery of Example 2, deterioration of the discharging capacity with 
lapse of the cycle and deterioration of the discharging capacity due to rapid charging and discharging were both miti- 
gated compared with Comparative Example 2. 

Example 3 

[0039] The same glass-ceramic powder containing Li 1+x+y Al x Ti 2 _ x Si y P3_ y 0 12 as a predominant crystal phase and 
having an average particle diameter of 1.0 \i m as used in preparation of the positive electrode in Example 1 was 
pressed and formed to a disk by using lithium phosphate Li 3 P0 4 as the inorganic binder and thereafter the disk was 
sintered to provide a target material. A sputtering target having a diameter of 100mm and thickness of 1mm was 
obtained by grinding and polishing the outer periphery and both surfaces of the target material. 
[0040] A thin film was formed on a lithium-aluminum alloy foil having a diameter of 20mm and thickness of 20 ^im 
by using an RF magnetron sputtering device. The solid electrolyte obtained had thickness of 0.1 \Lm. Then, a LiCo0 2 
positive electrode film was formed on thin film solid electrolyte. The positive electrode film obtained had thickness of 
2 \im. An aluminum film was formed as a positive electrode collector on this positive electrode film to thickness of 0.1 
u.m. Since the solid electrolyte and the positive electrode film became amorphous, heat treatment at 550°C was applied 
and a thin film battery having thickness of about 22 u.m was obtained. A disk having a diameter of 1 8mm was stamped 
out from this battery and put in a coin battery having a diameter of 20mm to assemble a coin type battery. 
[0041 ] The charging discharging cycle test was conducted at -20°C, 25°C and 80°C and a constant current of 1 mAh/ 
cm 2 and with charging finish voltage of 3.5V and discharging finish voltage of 2.5V Also, the assembled coin type 
battery was mounted on a circuit substrate by reflow soldering at 250°C and a similar cycle test was conducted at 25°C. 

Comparative Example 3 

[0042] An electrolyte was prepared by impregnating non-woven cloth with a conventional electrolytic solution and a 
battery was produced using this electrolyte. The same negative electrode made of lithium-aluminum alloy as in Example 
1 was used and a positive electrode was prepared by forming a film of LiCo0 2 on an aluminum foil having thickness 
of 10 pm by a sputtering device in the same manner as in Example 1 . The positive electrode and the negative electrode 
were attached to each other through a separator made of non-woven cloth having thickness of 26 urn and the separator 
was impregnated with propylene carbonate added with UN(C 2 F 5 S0 2 ) 2 as a lithium salt whereby a thin film battery 
having thickness of about 58 u.m was produced. In all other respects, the same process as In Example 3 was followed 
to produce a coin type battery. The charging-discharging test was conducted under the same conditions as in Example 
3. 

[0043] Comparison between Example 3 and Comparative Example 3 of initial discharging capacity discharging ca- 
pacity after 300 cycles, initial discharging capacity and discharging capacity after 300 cycles after reflow soldering at 
different temperatures are shown in Table 2. 



Table 2 





Example 3 


Comparative Example 3 


Initial capacity 
(mAh) 


Capacity after 300 
cycles(mAh) 


Initial capacity (mAh) 


Capacity after 300 
cydes(mAh) 


-20°C 


0.12 


0.11 


0.05 


0.02 
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